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Abstract

Purpose of review—Mgjor roadblocks persist in the development of vaccines that elicit potent
neutralizing antibodies targeting diverse HIV-1 strains, similar to known broadly neutralizing
HIV-1 human monoclonal antibodies. Alternatively, other types of anti-HIV-1 envelope
antibodies that may not neutralize HIV-1 in traditional neutralization assays but have other anti-
HIV-1 activities (hereafter termed H/ V-1 inhibitory antibodies) can be elicited by current vaccine
strategies, and numerous studies are exploring their rolesin preventing HIV-1 acquisition. We
review examples of strategies for eliciting potentially protective HIV-1 inhibitory antibodies.

Recent Findings—Heterologous prime-boost strategies can yield anti-HIV immune responses;
although only one (canarypox prime, Env protein boost) has been tested and shown positive
resultsin an efficacy trial (RV 144). Although the immune correlates of protection are as yet
undefined, the reduced rate of acquisition without a significant effect on initial viral loads or CD4*
T cell counts, have raised the hypothesis of an RV 144 vaccine-elicited transient protective B cell
response.

Summary—In light of the RV 144 trial, there is acritical need to define the entire functional
spectrum of anti-HIV-1 antibodies, how easily each can be dlicited, and how effective different
types of antibody effector mechanisms can be in prevention of HIV-1 transmission.

Keywords
Vaccines, B-cells; Neutralizing Antibodies; Inhibitory Antibodies; Mucosa

Introduction

The central goa for induction of protective immune responsesis to define strategies for
routine elicitation of broadly neutralizing antibodies[1,2]. However, attempts to elicit
HIV-1 broadly neutralizing antibodies by vaccination have been unsuccessful [3].
Conventional and successful non-HIV-1 vaccine approaches have relied on virus
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attenuation, although safety concerns halted these efforts for HIV-1. Thus, HIV-1 vaccine
development is currently focused on safer strategies such as subunit immunogens and non-
HIV-1 vectored inserts. Examples of HIV-1 immunogens under consideration for the
elicitation of B cell responses are HIV-1 envelope protein and/or Env-expressing DNA and
viral vectors. Attenuated virus vectors expressing HIV-1 genes (modified vaccinia Ankara
(MVA), canarypox virus (ALVAC), adenovirus serotypes (Ad5, Ad26, Ad35), attenuated
vacciniastrain (NYVAC), and Venezuelan equine encephalitis virus (VEE) have been
utilized as single vector strategies or in prime-boost strategies. Recent HIV-1 envelope
protein strategies have included diverse strains of gp120 or gp140 envelope proteins [4-6].
Heterologous prime boost strategies can be particularly effective at enhancing antibody
responses over the prime alone [7] and when multi-valent envelope proteins are included as
part of the immunogen, antibody responses against HIV envelopes from multiple clades can
be elicited [5,7].

While the main goal of HIV-1 vaccine development is to define ways to induce broad
neutralizing antibodies, other antibody HIV-1 inhibitory effects other than traditional
neutralization are being considered as potentially protective. These inhibitory antibody
activities include antibody ability to bind to virions and reduce movement of virions across
mucus, the ability to inhibit movement of virions across epithelia [8], the ability to bind to
Fc receptors and mediate a variety of Fc receptor mediated anti-HIV-1 activitiesincluding
ADCC and ADCVI (reviewed in [9]), the ability to mediate B-chemokine release [10] that
are important as soluble mediatorsin control of HIV infection [11]. Whether any of these
HIV-1 inhibitory antibodies can prevent HIV-1 acquisition is unknown, but is a key question
for the HIV-1 vaccine field. This review will focus on the types of B cell responses desired
by HIV-1 vaccines and some of the current strategies employed for the induction and
characterization of vaccine-induced B cell responses.

Next Steps after RV144 for Vaccine Elicited B Cell Responses

The Thai trial (RV 144) consisted of a prime-boost vaccination of four doses of ALVAC
HIV-1 (vCP1521) containing env, gag, proteasd) with an additional two doses of this vector
combined with a gp120 protein boost (AIDSVAX B/E) that resulted in 31.2% efficacy in the
absence of potent cross-clade neutralization breadth. [12]. The vaccine dlicited binding
antibody responses to the HIV-1 envelope in 99% of subjectsaswell asCD4 T cell
responsesin ~70% (Kim, J., Michael, N. ef &/, Keystone Symposium on HIV Vaccines,
Banff, Canada 2010). The protection provided by RV 144 was at the level of blocking
acquisition of HIV-1 with no effect on viral load for those who became infected. Studies are
ongoing to attempt to define the immune correlates of protection. In parallel with studies to
define immune correlates, further plans for testing vaccines that can elicit, what are
perceived to be better B cell responses, are underway. For example, the RV 144 extended
boost study, RV305, will examine the utility of additional vaccine boosts to enhance the
durability of the vaccine dlicited response. RV 306, an intensive immunogenicity study, will
examine the same vaccine regimen with a booster vaccination at 12 monthsto seeif the
durability of immune responses can be improved. Additionally, this protocol will be
powered to understand host immune responses elicited through more extensive systemic and
mucosal sampling. Importantly, since genetic factors, virus subtypes and route of
transmission can impact elicited B cell responses, additional phase I1B studies are being
considered to address these questions. In total, these additional studies with ALVAC and
AIDSVAX will hopefully provide a better understanding of the immunogenicity of each of
the vaccine components.

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.
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Heterologous Prime-Boost HIV-1 Vaccination

Unlike elicitation of antibodies to the hemagglutinin surface receptor by protective influenza
vaccination [13], initial vaccine strategies based on HIV-1 monomers were unsuccessful. It
remains to be determined why the B/E monomers failed to protect in the VAX003 and
VAX004 studies [14,15], while the same B/E monomers used as a boost in the RV 144 trial
were associated with a measure of protection [12]. One potential contributor to the
differenceis the use of a heterologous prime-boost strategy. Thus, in other recent Phase |
clinical studies[5-7,16] that have used heterologous prime-boost strategies or Env protein
immunogens alone [4] and have elicited anti-Env binding antibodies, it will be important to
determine whether inhibitory antibodies were elicited.

Vaccine Design for Better Exposure of HIV-1 Envelope Epitopes

The target of neutralizing antibodiesis the HIV-1 trimer; however, use of the native trimer
as an immunogen is difficult due to itsinstability. In addition to improving stability, effort is
focused on greater exposure of Env epitopes known to be recognized by broadly neutralizing
monoclonal antibodies.

Trimer Stabilization

Since recombinant Env trimers may be somewhat more immunogenic than Env monomers
and the HIV-1 trimer can be structurally unstable, several approaches to stabilize the trimer
have been attempted [17]. Dey et &. [18] demonstrated that structure-based stabilization of
HIV-1 gp120 was able to enhance antibody responses against the coreceptor binding site.
This study provided proof of concept that stabilization of conformational epitopesin Env
can lead to enhanced immunogenicity.

CD4i Immunogens

Antibodies that bind to exposed and conserved epitopes arising from CD4 attachment are
collectively called CD4-induced (CD4i) epitopes. Immunogens designed to elicit these types
of antibodies could potentially elicit potent crossreactive antibodies[19,20]. A recent study
using a SHIV challenge of macaques vaccinated with CD4i immunogens demonstrated that
the induction of anti-CD4i antibodies corresponded with alower viral load setpoint [21].

Virus-like Particles (VLPs) and Liposomes

Virus-like particles (VLPs) and liposomes are a safer alternative to live-attenuated viruses
since they lack viral genomes but retain a virion-like membrane structure and can present
surface HIV-1 trimers. VLPs have limitations similar to that of the native HIV-1 virion;
paucity of trimers on the surface along with expression of non-functional forms of HIV-1
Env [22] that may limit their ultimate utility in HIV-1 vaccine design until these expression
and structural hurdles can be overcome. However, recent success was achieved, in another
infection model, with the elicitation of antibodies by chikungunya VL Ps that provided
protection from infection in macaques [23]. Liposomes are similar to VLPsin retaining a
virion-like membrane structure, and can be engineered to express protein and or peptide
immunogens along with adjuvants. Strategies involving Env subunits associated with lipids
may be required for eliciting Env gp41 membrane proximal external region (MPER)
antibodies. The broad neutralizing mAbs 2F5 and 4E10 require lipid binding in addition to
gp41 MPER recognition for neutralization breadth [24,25]. Mutationsin the MPER (such as
L669S) [26] can enhance the exposure of the MPER and potentially may enhance the
immunogenicity of such strategies.

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.
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Vaccine Designs to Overcome HIV-1 Diversity for Induction of Broad T
Helper Responses

Computational methods have designed artificial viral proteinsthat provide optimal coverage
of the diversity of circulating HIV-1 strains [27-29]. For example, two studies have
demonstrated that the mosaic vaccine strategy elicited T cell helper responses and specific
antibodies [30,31]. Strategies such as these that target optimal T cell responses, that include
the elicitation of T helper cells, need to be examined as a component of vaccines that aim to
elicit robust B cell responses. Further work in human clinical trialsis needed to determine
the breadth of the elicited immune responses and to understand how the conformation of
these expressed proteins influence immunogenicity.

Engineering Immunity

Due to the difficulty in eliciting broadly neutralizing antibodies, approaches other than
vaccination, are being explored to produce potent and broadly neutralizing anti-HIV
antibodies using ‘ engineering immunity’ to directly provide the antibody genes /n vivo. One
strategy to program human B cells used autol ogous human hematopoietic stem/progenitor
cells (HSPCs) transduced with the b12-1gG1 gene for differentiation into antibody secreting
cells[32]. Another recent study using adeno-associated virus gene transfer of SIV specific
antibodies into macagques demonstrated protection and maintenance of neutralizing antibody
responses [33]. Although not tested in human clinical trials, these studies do represent
alternative strategies for the delivery of preexisting neutralizing antibodies for protection
from HIV-1 transmission. Passive infusion of neutralizing antibodies have shown protection
in nonhuman primate models [34,35] and suggest that approaches that provide preexisting
neutralizing antibodies could potentially be protective.

Assessing B Cell Responses to HIV-1 Vaccination

Vaccine-elicited immune responses constituting protective immunity against HIV-1
infection are not yet delineated. However, the goals of preventive vaccine studies are to
identify immunogens and vaccine strategies capable of eliciting the highest levels and
broadest specificities of cellular and humoral responses. An assay currently standardized and
utilized around the world for assessing vaccine dicited neutralizing antibodies isthe TZM-
bl assay, wherein diverse viruses of multiple genetic subtypes are used for the assessment of
neutralization breadth [36]. Additional types of neutralization assays[37] are also being
utilized. And further studies are aimed at understanding how to inhibit various stages of the
mucosal transmission event (inhibition of virion migration through mucus [38], virus
aggregation [39], complement mediated virolysis [40,41], virus capture[42,43], IgA-
mediated neutralization [44,45], traditional virus neutralization [36,37,46,47], and/or
inhibition of virus transcytosis [8,48,49], intraepithelial virus neutralization[50], Fcy-
receptor mediated anti-HIV-1 activity [51]including, antibody dependent cellular
cytotoxicity (ADCC) [4,52] and antibody dependent cellular viral inhibition (ADCVI1) [53],
inhibition of macrophage infection [37,54] and induction of anti-HIV-1 innate immune
responses [10,11] (Table 1). Thus, a broad range of anti-HIV-1 antibody assayswill be
needed for evaluation of antibodiesinduced by current and future vaccine candidates, in
order to determine which type of induced antibodies can prevent HIV-1 transmission.

Antigen Specific B Cell Isolation, Single Memory B Cell Cultures and MAb
Generation

Broadly reactive neutralizing antibodies in complex with the envel ope regionsinvolved in
recognition of the viral envelope have been examined by X-ray crystallography. Analyses of
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these structures can provide detailed information of the envelope neutralization epitopes,
such as recently shown for CD4bs antibodies that had divergent neutralization profiles due
to the dlight differences in the bound conformation of the mAbs[55]. New work, by several
laboratories, has rapidly expanded the number of broadly neutralizing mAbs that hopefully
will indicate new targets for avaccine.

Recent advances have been made in isolating single Env-specific B cells by either single cell
sorting by flow cytometry or from memory B cell cultures coupled with high-throughput
neutralization screening assays of B cell supernatants [56]. Among the new antibodies
generated with these technol ogies, mAbs PG9 and PG16 recognizing conserved regions of
the variable loops in gp120 are potent and broadly-reactive against approximately 73-79%
of HIV-1 strains [57]. Furthermore, two newly identified CD4bs bNAb VRCO1 [58] and
HJ16 [59] are more potent than previously described CD4bs antibodies. These newly
identified mAbs from antibodies naturally elicited in humans will provide insights into how
the immune response can recognize the viral envelope to generate a potentially protective
response.

Functional Roles of HIV-1 Inhibitory Antibodies

HIV-1 transmission occurs predominately through mucosal surfaces; thus vaccine strategies
that can elicit mucosal antibodies with antiviral properties may prove to be critical. In
addition to traditional HIV-1 neutralization neutralizing, antibodies may also aggregate
virions, inhibit movement through cervical mucus, inhibit transcytosis, and/or mediate Fc
receptor mediated antibody inhibition. In theinitial stages of transmission in the female
genital tract, HIV-1 must traverse the mucus layer and then cross the epithelial cell barrier.
Vaccine elicited antibodies that can block these events near the time of transmission might
be among the most efficacious types of antibodies [60]. In the female genital tract, inhibition
of movement through the cervical mucus layer may provide alayer of protection against
HIV-1[38], particularly if anti-HIV antibodies are present. Aggregation of virus[39],
inhibition of virion transcytosis, and intragpithelial neutralization of virions may also be
components of an effective antibody response.

In addition to direct binding to antigen to neutralize virus entry, effector functions of
antibodies can depend on the interaction of antibodies with Fc receptors on B cells, NK
cells, dendritic cells, neutrophils and monocyte-macrophages (reviewed by [9]). Antibody-
dependent cell-mediated virus inhibition was shown to be associated with protection in a
neutralizing antibody passive protection study in non-human primates [61]. Moreover,
inhibitory antibodies that depend on Fc receptor mediated functions, such as antibody
dependent cellular cytotoxicity (ADCC), may be found in cervicovaginal fluidsin natural
infection [62] and in plasmain HIV-1 elite controllers. Whether current vaccine strategies
can elicit these types of inhibitory antibodies and whether they may be the surrogate or
correlate of protection in the RV 144 tria will be important to determine.

Surrogates of HIV-1 Inhibitory Antibody Function: IgG Subclasses, IgA
Specificities and Antibody Avidity

The measurement of HIV-1 specific binding antibodies in vaccine trials can be pivotal for
theinitial assessment of vaccine immunogenicity and for understanding which vaccines will
elicit potentially protective antibodies. Antibody 1gG subclasses (1g1, 19G2, 1gG3, 1gG4)
[63,64] and isotypes (IgA) [65] measured in response to vaccination can provide information
on the quality of the B cell response to vaccination. IgG1 and 1gG3 are the most functional
of the subclassesin that they have been associated with HIV-1 neutralization, complement
fixation, FcR binding and ADCC/ADCVI (reviewed in [66]). IgA antibodies at mucosal

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.
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sites have been correlated with protection in exposed uninfected subjects [67,68].
Measurement of mucosal antibody responses and antigen specific plasma antibody
subclasses in vaccine trials may be help define immune correlates of protection.

Maturation of HIV-1 specific antibodies includes an increase in avidity to the epitope of
recognition. Thus, avidity measurement of antibody-antigen interactions may be useful to
predict functional antibody responses such as ADCC/ADCVI and neutralizing antibodies
and could be a surrogate for a B cell response that impacts viral load or prevent acquisition.
Correlations between anti-Env antibody avidity and peak postchallenge viremiawas found
in two recent non-human primate immunization studies [69,70] (both which have
immunogen components similar to that being used in ongoing human clinical trials).
Moreover, in another NHP study, ADCC and ADCV I were directly correlated with avidity
[71]. Thereis precedence for predicting antibody function with avidity measurement, since
antibody avidity in pneumococcal [72] and hepatitis B vaccination [ 73] was linked to
protective immunity. Thus, further studies are needed to determineif antibody avidity for
Env or virion binding will associate with protection from HIV-1 transmission in human
clinical trials.

cells and Durability of Response

Long-lived antibody responses are a hallmark of successful vaccines (i.e., tetanus,
diphtheria, yellowfever) and are maintained by bone marrow plasma cells. In contrast, in
HIV-1 infection anti-envel ope antibody level half-lives were 33-81 wk in plasma from
antiretroviral drug-treated HIV-1* subjects [74]. However, antibody titers against influenza
did not decay in-between yearly or biennial influenza vaccine boosts in the same patients
and antibody responses to HIV-1 Gag were more durable. Thiswork demonstrated that
HIV-1 envelope induces predominantly short-lived memory B cell-dependent plasma Absin
HIV-1infection and also by HIV-1 envelope vaccination. Consistent with arapid half-life of
the anti-HIV-1 Env antibody response, the immunity provided by RV 144 appeared to also
decline over time. Thus, asignificant barrier to the devel opment of a successful vaccineis
the ability to generate sufficient titers of long-lived anti-Env antibody responses. However,
the definition of sufficient titer will be key and provides some hope that if a high enough
titer is elicited initially, despite the half life, an adequate amount of specific antibody will be
present for a considerable duration (although boosting may always be required to raise the
levels after aperiod of time). For example, in several recent human vaccine protocols
[4,75,76], antibody responses many weeks post the last vaccination have been detected
suggesting that memory B cell responses devel oped. Analyses of the kinetics and strength of
this durable antibody response in addition to the use of antigen-specific memory B cell
assays [77] and an analysis of the discordance between memory B cell and circulating anti-
Env antibody responses [ 78] could enable more informed vaccine design for the elicitation
of stronger memory responses to the HIV-1 envelope. Probing the potential correlation
between a strong B cell responses and CD4 help will garner more attention as more vaccines
elicit both potent antibody and CD4 responses.

Conclusions

For prevention of HIV-1 transmission by vaccination, humoral immunity to HIV-1 via pre-
existing or rapidly elicited antibodies with specificity to the transmitted/founder HIV-1is
likely central to a protective response. Multiple antibody-mediated effector functions (e.g.
virus aggregation, FcR anti-HIV-1 functions) other than traditional neutralizing antibodies
can potentially be generated by different vaccine strategies. Further analyses on potential
correlations between antibodies with diverse antiviral functions and protection from HIV-1
acquisition in humans are warranted. Deciphering which HIV-1 inhibitory antibodies are

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.
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most easily elicited by current vaccines and which are most efficaciousis a critical goal of
current HIV-1 vaccine research.

Acknowledgments

We thank Drs. Jerome H. Kim and Nelson L. Michael for helpful discussion in writing of this paper. G.D.T is
supported by the National Institutes of Health, (NIH/NIAID) grants: A1068618 (HIV Vaccine Trials Network),
RO1AI1052779, U19A1067854 (Center for HIV/AIDS Vaccine Immunology), Al164518 (Duke Center for AIDS
Research), and the Bill and Melinda Gates Foundation (38619). B.F.H is supported by the NIH/NIAIDS grants;
U19A1067854 (Center for HIV/AIDS Vaccine Immunology), PO1A1061734, PO1A1052816, and the Bill and
Melinda Gates Foundation (38643, 38617).

References

1. AmannalJ, Messaoudi |, Slifka MK. Protective immunity following vaccination: how is it defined?
Hum Vaccin. 2008; 4:316-319. [PubMed: 18398296]

2. Plotkin SA. Sang Froid in atime of trouble: isavaccine against HIV possible? JInt AIDS Soc.
2009; 12:2. [PubMed: 19187552]

3. Mascola JR, Montefiori DC. The role of antibodiesin HIV vaccines. Annu Rev Immunol. 2010;
28:413-444. [PubMed: 20192810]

4. Goepfert PA, Tomaras GD, Horton H, Montefiori D, Ferrari G, Deers M, Voss G, Koutsoukos M,
Pedneault L, Vandepapeliere P, et a. Durable HIV-1 antibody and T-cell responses elicited by an
adjuvanted multi-protein recombinant vaccine in uninfected human volunteers. Vaccine. 2007;
25:510-518. [PubMed: 17049679]

5. Wang S, Kennedy JS, West K, Montefiori DC, Coley S, Lawrence J, Shen S, Green S, Rothman AL,
EnnisFA, et al. Cross-subtype antibody and cellular immune responses induced by a polyvalent
DNA prime-protein boost HIV-1 vaccine in healthy human volunteers. Vaccine. 2008; 26:3947—
3957. [PubMed: 18724414]

6. Barnett SW, Srivastava IK, Ulmer JB, Donnelly JJ, Rappuoli R. Development of V2-deleted
trimeric envelope vaccine candidates from human immunodeficiency virus type 1 (HIV-1) subtypes
B and C. Microbes and Infection. 2005; 7:1386-1391. [PubMed: 16275150]

7. Koup RA, Roederer M, Lamoreaux L, Fischer J, Novik L, Nason MC, Larkin BD, EnamaME,
Ledgerwood JE, Bailer RT, et a. Priming immunization with DNA augments immunogenicity of
recombinant adenoviral vectors for both HIV-1 specific antibody and T-cell responses. PLoS One.
2010; 5:€9015. [PubMed: 20126394]

8. Shen R, Drelichman ER, Bimczok D, Ochsenbauer C, Kappes JC, Cannon JA, Tudor D, Bomsel M,
Smythies LE, Smith PD. GP41-specific antibody blocks cell-free HIV type 1 transcytosis through
human rectal mucosa and model colonic epithelium. JImmunol. 2010; 184:3648-3655. [PubMed:
20208001]

9. Forthal DN, Moog C. Fc receptor-mediated antiviral antibodies. Curr Opin HIV AIDS. 2009;
4:388-393. [PubMed: 20048702]

10. Moody MA, Liao HX, Alam SM, Scearce RM, Plonk MK, Kozink DM, Drinker MS, Zhang R, Xia
SM, Sutherland LL, et a. Anti-phospholipid human monoclonal antibodies inhibit CCR5-tropic
HIV-1 and induce beta-chemokines. J Exp Med. 2010; 207:763—-776. [PubMed: 20368576]

11. DeVico AL, Galo RC. Control of HIV-1 infection by soluble factors of the immune response. Nat
Rev Microbiol. 2004; 2:401-413. [PubMed: 15100693]

12. Rerks-Ngarm S, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J, Paris R, Premsri N,
Namwat C, de Souza M, AdamsE, et a. Vaccination with ALVAC and AIDSVAX to prevent
HIV-1 infection in Thailand. N Engl JMed. 2009; 361:2209-2220. [PubMed: 19843557]

13. Karlsson Hedestam GB, Fouchier RA, Phogat S, Burton DR, Sodroski J, Wyatt RT. The challenges
of diciting neutralizing antibodies to HIV-1 and to influenzavirus. Nat Rev Microbiol. 2008;
6:143-155. [PubMed: 18197170]

14. Pitisuttithum P, Gilbert P, Gurwith M, Heyward W, Martin M, van Griensven F, Hu D, Tappero
JW, Choopanya K. Randomized, double-blind, placebo-controlled efficacy trial of abivalent

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Tomaras and Haynes

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 8

recombinant glycoprotein 120 HIV-1 vaccine among injection drug usersin Bangkok, Thailand. J
Infect Dis. 2006; 194:1661-1671. [PubMed: 17109337]

Flynn NM, Forthal DN, Harro CD, Judson FN, Mayer KH, Para MF. Placebo-controlled phase 3
trial of arecombinant glycoprotein 120 vaccine to prevent HIV-1 infection. J Infect Dis. 2005;
191:654-665. [PubMed: 15688278]

Harari A, Bart PA, Stohr W, Tapia G, GarciaM, Medjitna-Rais E, Burnet S, Cellerai C, Erlwein O,
Barber T, et al. An HIV-1 clade C DNA prime, NYVAC boost vaccine regimen induces reliable,
polyfunctional, and long-lasting T cell responses. J Exp Med. 2008; 205:63-77. [PubMed:
18195071]

Forsell MN, Schief WR, Wyatt RT. Immunogenicity of HIV-1 envelope glycoprotein oligomers.
Curr Opin HIV AIDS. 2009; 4:380-387. [PubMed: 20048701]

Dey B, SvehlaK, Xu L, Wycuff D, Zhou T, Voss G, Phogat A, Chakrabarti BK, Li Y, Shaw G, et
al. Structure-based stabilization of HIV-1 gp120 enhances humoral immune responses to the
induced co-receptor binding site. PLoS Pathog. 2009; 5:€1000445. [PubMed: 19478876]

Fouts T, Godfrey K, Bobb K, Montefiori D, Hanson CV, Kalyanaraman VS, DeVico A, Pal R.
Crosslinked HIV-1 envel ope-CD4 receptor complexes elicit broadly cross-reactive neutralizing
antibodies in rhesus macagques. Proc Natl Acad Sci U SA. 2002; 99:11842-11847. [PubMed:
12192089]

Galo R. Toward an HIV preventive vaccine: problems and prospects. Retrovirology. 2009; 6:13.
DeVico A, Fouts T, Lewis GK, Gallo RC, Godfrey K, Charurat M, Harris|, Galmin L, Pal R.
Antibodies to CD4-induced sites in HIV gp120 correlate with the control of SHIV challengein
macagues vaccinated with subunit immunogens. Proc Natl Acad Sci U SA. 2007; 104:17477—
17482. [PubMed: 17956985]

Crooks ET, Moore PL, Franti M, Cayanan CS, Zhu P, Jiang P, de Vries RP, Wiley C, Zharkikh 1,
Schulke N, et al. A comparative immunogenicity study of HIV-1 virus-like particles bearing
various forms of envelope proteins, particles bearing no envel ope and soluble monomeric gp120.
Virology. 2007; 366:245-262. [PubMed: 17580087]

AkahataW, Yang ZY, Andersen H, Sun S, Holdaway HA, Kong WP, Lewis MG, Higgs S,
Rossmann MG, Rao S, et a. A virus-like particle vaccine for epidemic Chikungunya virus protects
nonhuman primates against infection. Nat Med. 2010; 16:334-338. [PubMed: 20111039]

Alam SM, Morelli M, Dennison SM, Liao HX, Zhang R, Xia SM, Rits-Volloch S, Sun L, Harrison
SC, Haynes BF, et a. Role of HIV membrane in neutralization by two broadly neutralizing
antibodies. Proc Natl Acad Sci U S A. 2009; 106:20234—20239. [PubMed: 19906992]

Matyas GR, Wieczorek L, Beck Z, Ochsenbauer-Jambor C, Kappes JC, Michael NL, Polonis VR,
Alving CR. Neutralizing antibodies induced by liposomal HIV-1 glycoprotein 41 peptide
simultaneously bind to both the 2F5 or 4E10 epitope and lipid epitopes. AIDS. 2009; 23:2069—
2077. [PubMed: 19710597]

Shen X, Dennison SM, Liu P, Gao F, Jaeger F, Montefiori DC, Verkoczy L, Haynes BF, Alam
SM, Tomaras GD. Prolonged exposure of the HIV-1 gp41 membrane proximal region with L669S
substitution. Proc Natl Acad Sci U S A. 2010; 107:5972-5977. [PubMed: 20231447]

Korber BT, Letvin NL, Haynes BF. T-cell vaccine strategies for human immunodeficiency virus,
the virus with a thousand faces. J Virol. 2009; 83:8300-8314. [PubMed: 19439471]

Letourneau S, Im EJ, Mashishi T, Brereton C, Bridgeman A, Yang H, Dorrell L, Dong T, Korber
B, McMichael AJ, et al. Design and pre-clinical evaluation of auniversal HIV-1 vaccine. PLoS
One. 2007; 2:€984. [PubMed: 17912361]

Rolland M, Nickle DC, Mullins JI. HIV-1 group M conserved elements vaccine. PLoS Pathog.
2007; 3:€157. [PubMed: 18052528]

Santra S, Liao HX, Zhang R, Muldoon M, Watson S, Fischer W, Theiler J, Szinger J,
Balachandran H, Buzby A, et al. Mosaic vaccines elicit CD8+ T lymphocyte responses that confer
enhanced immune coverage of diverse HIV strainsin monkeys. Nat Med. 2010; 16:324-328.
[PubMed: 20173754]

Barouch DH, O’'Brien KL, Simmons NL, King SL, Abbink P, Maxfield LF, Sun YH, LaPorte A,
Riggs AM, Lynch DM, et a. Mosaic HIV-1 vaccines expand the breadth and depth of cellular
immune responses in rhesus monkeys. Nat Med. 2010; 16:319-323. [PubMed: 20173752]

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Tomaras and Haynes

32.

Page 9

Luo XM, Maarschalk E, O’ Connell RM, Wang P, Yang L, Baltimore D. Engineering human
hematopoietic stem/progenitor cellsto produce abroadly neutralizing anti-HIV antibody after in
vitro maturation to human B lymphocytes. Blood. 2009; 113:1422-1431. [PubMed: 19059876]

33. Johnson PR, Schnepp BC, Zhang J, Connell MJ, Greene SM, Y uste E, Desrosiers RC, Clark KR.

35.

36.

37.

38.

39.

41.

42.

45.

46.

47.

Vector-mediated gene transfer engenders long-lived neutralizing activity and protection against
SIV infection in monkeys. Nat Med. 2009; 15:901-906. [PubMed: 19448633]

. Hessell AJ, Poignard P, Hunter M, Hangartner L, Tehrani DM, Bleeker WK, Parren PW, Marx PA,

Burton DR. Effective, low-titer antibody protection against low-dose repeated mucosal SHIV
challenge in macaques. Nat Med. 2009; 15:951-954. [PubMed: 19525965]

Hessell AJ, Rakasz EG, Poignard P, Hangartner L, Landucci G, Forthal DN, Koff WC, Watkins
DI, Burton DR. Broadly neutralizing human anti-HIV antibody 2G12 is effective in protection
against mucosal SHIV challenge even at low serum neutralizing titers. PLoS Pathog. 2009;
5:€1000433. [PubMed: 19436712]

Seaman M'S, Janes H, Hawkins N, Grandpre LE, Devoy C, Giri A, Coffey RT, HarrisL, Wood B,
Daniels MG, et al. Tiered categorization of a diverse panel of HIV-1 Env pseudoviruses for
assessment of neutralizing antibodies. J Virol. 2010; 84:1439-1452. [PubMed: 19939925]

Fenyo EM, Heath A, Dispinseri S, Holmes H, Lusso P, Zolla-Pazner S, Donners H, Heyndrickx L,
Alcami J, Bongertz V, et al. International network for comparison of HIV neutralization assays:
the NeutNet report. PLoS One. 2009; 4:e4505. [PubMed: 19229336]

Lai SK, HidaK, Shukair S, Wang Y'Y, Figueiredo A, Cone R, Hope TJ, Hanes J. Human
immunodeficiency virus type 1 istrapped by acidic but not by neutralized human cervicovaginal
mucus. J Virol. 2009; 83:11196-11200. [PubMed: 19692470]

Jayasekera JP, Moseman EA, Carroll MC. Natural antibody and complement mediate
neutralization of influenza virusin the absence of prior immunity. JVirol. 2007; 81:3487-3494.
[PubMed: 17202212]

. Huber M, Fischer M, Misselwitz B, Manrique A, Kuster H, Niederost B, Weber R, von Wyl V,

Gunthard HF, Trkola A. Complement lysis activity in autologous plasmais associated with lower
viral loads during the acute phase of HIV-1 infection. PLoS Med. 2006; 3:e441. [PubMed:
17121450]

Huber M, von Wyl V, Ammann CG, Kuster H, Stiegler G, Katinger H, Weber R, Fischer M,
Stoiber H, Gunthard HF, et a. Potent human immunodeficiency virus-neutralizing and
complement lysis activities of antibodies are not obligatorily linked. J Virol. 2008; 82:3834-3842.
[PubMed: 18234794]

Nyambi PN, Mbah HA, Burda S, Williams C, Gorny MK, Nadas A, Zolla-Pazner S. Conserved

and exposed epitopes on intact, native, primary human immunodeficiency virus type 1 virions of
group M. JVirol. 2000; 74:7096-7107. [PubMed: 10888650]

. Leaman DP, Kinkead H, Zwick MB. In-solution virus capture assay helps deconstruct

heterogeneous antibody recognition of human immunodeficiency virus type 1. JVirol. 2010;
84:3382-3395. [PubMed: 20089658]

. Devito C, Hinkula J, Kaul R, Kimani J, KiamaP, Lopalco L, Barass C, Piconi S, Trabattoni D,

Bwayo JJ, et al. Cross-clade HIV-1-specific neutralizing IgA in mucosal and systemic
compartments of HIV-1-exposed, persistently seronegative subjects. J Acquir Immune Defic
Syndr. 2002; 30:413-420. [PubMed: 12138348]

Planque S, Salas M, Mitsuda Y, Sienczyk M, Escobar MA, Mooney JP, Morris MK, NishiyamaY,
Ghosh D, Kumar A, et a. Neutralization of genetically diverse HIV-1 strains by IgA antibodies to
the gp120-CD4-binding site from long-term survivors of HIV infection. AIDS. 2010; 24:875-884.
[PubMed: 20186035]

Brown BK, Wieczorek L, Sanders-Buell E, RosaBorges A, Robb ML, Birx DL, Michael NL,
McCutchan FE, Polonis VR. Cross-clade neutralization patterns among HIV-1 strains from the six
major clades of the pandemic evaluated and compared in two different models. Virology. 2008;
375:529-538. [PubMed: 18433824]

Polonis VR, Brown BK, RosaBorges A, Zolla-Pazner S, Dimitrov DS, Zhang MY, Barnett SW,
Ruprecht RM, Scarlatti G, Fenyo EM, et a. Recent advances in the characterization of HIV-1
neutralization assays for standardized evaluation of the antibody response to infection and
vaccination. Virology. 2008; 375:315-320. [PubMed: 18367229]

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Tomaras and Haynes

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

Page 10

Bomsel M, Heyman M, Hocini H, Lagaye S, Belec L, Dupont C, Desgranges C. Intracellular
neutralization of HIV transcytosis acrosstight epithelia barriers by anti-HIV envelope protein
digA or IgM. Immunity. 1998; 9:277-287. [PubMed: 9729048]

Tudor D, Derrien M, Diomede L, Drillet AS, Houimel M, Moog C, Reynes M, Lopalco L,
Bomsel M. HIV-1 gp41-specific monoclonal mucosal 1gAs derived from highly exposed but 1gG-
seronegative individuals block HIV-1 epithelial transcytosis and neutralize CD4(+) cell infection:
an |gA gene and functional analysis. Mucosal Immunol. 2009; 2:412-426. [PubMed: 19587640]
Huang YT, Wright A, Gao X, Kulick L, Yan H, Lamm ME. Intraepithelial cell neutralization of
HIV-1 replication by IgA. J Immunol. 2005; 174:4828-4835. [PubMed: 15814709]

Perez LG, Costa MR, Todd CA, Haynes BF, Montefiori DC. Utilization of 1gG Fc Receptors by
Human Immunodeficiency Virus Type 1: A Specific Role for Antibodies Against the Membrane
Proximal External Region of gp41. JVirol. 2009

Lambotte O, Ferrari G, Moog C, Yates NL, Liao HX, Parks RJ, Hicks CB, Owzar K, Tomaras GD,
Montefiori DC, et al. Heterogeneous neutralizing antibody and antibody-dependent cell
cytotoxicity responsesin HIV-1 elite controllers. Aids. 2009; 23:897-906. [PubMed: 19414990]
Forthal DN, Gilbert PB, Landucci G, Phan T. Recombinant gp120 vaccine-induced antibodies
inhibit clinical strains of HIV-1 in the presence of Fc receptor-bearing effector cells and correlate
inversely with HIV infection rate. J Immunol. 2007; 178:6596-6603. [PubMed: 17475891]

. Holl V, Peressin M, Decoville T, Schmidt S, Zolla-Pazner S, Aubertin AM, Moog C.

Nonneutralizing antibodies are able to inhibit human immunodeficiency virustype 1 replication in
macrophages and immature dendritic cells. JVirol. 2006; 80:6177—6181. [PubMed: 16731957]
Chen L, Kwon YD, Zhou T, Wu X, O’Dell S, Cavacini L, Hessell AJ, PanceraM, Tang M, XuL,
et al. Structural basis of immune evasion at the site of CD4 attachment on HIV-1 gp120. Science.
2009; 326:1123-1127. [PubMed: 19965434]

Scheid JF, Mouguet H, Feldhahn N, Seaman MS, Velinzon K, Pietzsch J, Ott RG, Anthony RM,
Zebroski H, Hurley A, et al. Broad diversity of neutralizing antibodies isolated from memory B
cellsin HIV-infected individuals. Nature. 2009; 458:636—640. [PubMed: 19287373]

Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, Wrin T, Simek MD, Fling S,
Mitcham JL, et a. Broad and potent neutralizing antibodies from an African donor reveal anew
HIV-1 vaccine target. Science. 2009; 326:285-289. [PubMed: 19729618]

Wu X, Yang Z-Y, Li Y, Hogerkorp C-M, Schief WR, Seaman MS, Zhou T, Schmidt SD, Wu L, Xi
L, et al. Rational design of envelope surface identifies broadly neutralizing human monoclonal
antibodiesto HIV-1. Science. 2010 In Press.

Corti D, Langedijk JP, Hinz A, Seaman M S, Vanzetta F, Fernandez-Rodriguez BM, Silacci C,
Pinna D, Jarrossay D, Balla-Jhagjhoorsingh S, et a. Analysis of memory B cell responses and
isolation of novel monoclonal antibodies with neutralizing breadth from HIV-1-infected
individuals. PLoS One. 5:e8805. [PubMed: 20098712]

Haynes BF, Shattock RJ. Critical issuesin mucosal immunity for HIV-1 vaccine development. J
Allergy Clin Immunol. 2008; 122:3-9. [PubMed: 18468671]

Hessell AJ, Hangartner L, Hunter M, Havenith CE, Beurskens FJ, Bakker JM, Lanigan CM,
Landucci G, Forthal DN, Parren PW, et al. Fc receptor but not complement binding isimportant in
antibody protection against HIV. Nature. 2007; 449:101-104. [PubMed: 17805298]

Battle-Miller K, Eby CA, Landay AL, Cohen MH, Sha BE, Baum LL. Antibody-dependent cell-
mediated cytotoxicity in cervical lavage fluids of human immunodeficiency virus type 1--infected
women. JInfect Dis. 2002; 185:439-447. [PubMed: 11865395]

Banerjee K, Klasse PJ, Sanders RW, PereyraF, Michad E, Lu M, Waker BD, Moore JP. IgG
subclass profilesin infected HIV type 1 controllers and chronic progressors and in uninfected
recipients of Env vaccines. AIDS Res Hum Retroviruses. 2010; 26:445-458. [PubMed: 20377426]
Yates, N.; Ashley, V.; Lambotte, O.; Goujard, C.; Montefiori, D.; McElrath, M.; Graham, B.;
Cohen, MH.; Haynes, BF.; Tomaras, GD. HIV Acute Infection Meeting. Boston, MA: 2009.
Differential Regulation of HIV-Specific 1gG Subclass Antibodies Following Infection Versus

V accination.

Barnett, SW.; Stevens, Z.; Huo, Z.; Giemza, R.; Woodrow, M.; Fraser, C.; Rappuoli, R.; Lewis, D.
AIDS Vaccine 2008. Capetown, SA: 2008. Induction and Boosting of Anti-gp140V2LD Serum

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Tomaras and Haynes

Page 11

and Cervicovaginal Secretion 1gG and IgA by Nasal Prime/Intramuscular Boost of Healthy
Volunteers.

66. Tomaras GD, Haynes BF. HIV-1-specific antibody responses during acute and chronic HIV-1

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

infection. Curr Opin HIV AIDS. 2009; 4:373-379. [PubMed: 20048700]

Hirbod T, Broliden K, Kaul R. Genital immunoglobulin A and HIV-1 protection: virus
neutralization versus specificity. Aids. 2008; 22:2401-2402. [PubMed: 18981783]

Hirbod T, Kaul R, Reichard C, Kimani J, Ngugi E, Bwayo JJ, Nagelkerke N, Hasselrot K, Li B,
Moses S, et a. HIV-neutralizing immunoglobulin A and HIV-specific proliferation are
independently associated with reduced HIV acquisition in Kenyan sex workers. Aids. 2008;
22:727-735. [PubMed: 18356602]

Zhao J, Lai L, AmaraRR, Montefiori DC, Villinger F, Chennareddi L, Wyatt LS, Moss B,
Robinson HL. Preclinical studies of human immunodeficiency virus’/AIDS vaccines: inverse
correlation between avidity of anti-Env antibodies and peak postchallenge viremia. J Virol. 2009;
83:4102-4111. [PubMed: 19224993]

Barnett SW, Burke B, SunY, KanE, Legg H, Lian Y, Bost K, Zhou F, Goodsell A, Zur Megede J,
et al. Antibody-Mediated Protection Against Mucosal SHIV Challenge of Macaques |mmunized
with Alphavirus Replicon Particles and Boosted with Trimeric Envel ope Glycoprotein in MF59
Adjuvant. JVirol. 2010

Xiao P, Zhao J, Patterson LJ, Brocca-Cofano E, Venzon D, Kozlowski PA, Hidgjat R, Demberg T,
Robert-Guroff M. Multiple vaccine-elicited non-neutralizing anti-envel ope antibody activities
contribute to protective efficacy by reducing both acute and chronic viremia following SHIV89.6P
challenge in rhesus macaques. J Virol. 2010

LeeLH, Frasch CE, Falk LA, Klein DL, Deal CD. Correlates of immunity for pneumococcal
conjugate vaccines. Vaccine. 2003; 21:2190-2196. [PubMed: 12706710]

Siegrist CA, Pihlgren M, Tougne C, Efler SM, Morris ML, AlAdhami MJ, Cameron DW, Cooper
CL, Heathcote J, Davis HL, et al. Co-administration of CpG oligonuclectides enhances the late
affinity maturation process of human anti-hepatitis B vaccine response. Vaccine. 2004; 23:615—
622. [PubMed: 15542181]

Bonsignori M, Moody MA, Parks RJ, Holl TM, Kelsoe G, Hicks CB, Vandergrift N, Tomaras GD,
Haynes BF. HIV-1 envelope induces memory B cell responses that correlate with plasma antibody
levels after envel ope gp120 protein vaccination or HIV-1 infection. J Immunol. 2009; 183:2708—
2717. [PubMed: 19625640]

McFarland EJ, Johnson DC, Muresan P, Fenton T, Tomaras GD, McNamara J, Read JS, Douglas
SD, Deville J, Gurwith M, et a. HIV-1 vaccine induced immune responses in newborns of HIV-1
infected mothers. Aids. 2006; 20:1481-1489. [PubMed: 16847402]

Evans TG, Frey S, Israel H, Chiu J, El-Habib R, Gilbert P, Gaitan A, Montefiori DC. Long-term
memory B-cell responses in recipients of candidate human immunodeficiency virustype 1
vaccines. Vaccine. 2004; 22:2626—2630. [PubMed: 15193388]

Crotty S, Aubert RD, Glidewell J, Ahmed R. Tracking human antigen-specific memory B cells: a
sensitive and generalized ELISPOT system. J Immunol Methods. 2004; 286:111-122. [PubMed:
15087226)

Guan Y, Sgjadi MM, Kamin-Lewis R, Fouts TR, Dimitrov A, Zhang Z, Redfield RR, DeVico AL,
Gallo RC, Lewis GK. Discordant memory B cell and circulating anti-Env antibody responsesin
HIV-1 infection. Proc Natl Acad Sci U S A. 2009; 106:3952-3957. [PubMed: 19225108]

References and recommended reading

Papers of particular interest, published within the annual period of review, have been
highlighted as:

* of specia interest

79.

Scheid JF, Mouquet H, Feldhahn N, Seaman M S, Velinzon K, Pietzsch J, Ott RG, Anthony RM,
Zebroski H, Hurley A, et a. Broad diversity of neutralizing antibodies isolated from memory B
cellsin HIV-infected individuals. Nature. 2009; 458:636-640. [PubMed: 19287373] * A key study

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Tomaras and Haynes

Page 12

that isolated HIV-1 neutralizing antibodies from HIV-1 specific memory B cellsusing HIV-1
gp140 protein to identify and capture the B cells.

80. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, Wrin T, Simek MD, Fling S,

Mitcham JL, et al. Broad and potent neutralizing antibodies from an African donor reveal a new
HIV-1 vaccine target. Science. 2009; 326:285-289. [PubMed: 19729618] * A novel study that
isolated two broadly neutralizing antibodies that now represent new targets for vaccine design.

81. Wu X, Yang Z-Y, Li Y, Hogerkorp C-M, Schief WR, Seaman MS, Zhou T, Schmidt SD, Wu L, Xi

L, et al. Rational design of envelope surface identifies broadly neutralizing human monoclonal
antibodies to HIV-1. Science. 2010 In Press. * An elegant study that identified CD4bs antibodies
with extensive neutralization breadth and also provides proof of concept that bNAb to the
conserved receptor binding site of Env can be elicited in humans.

82. Tudor D, Derrien M, Diomede L, Drillet AS, Houimel M, Moog C, Reynes JM, Lopalco L,

Bomsel M. HIV-1 gp41-specific monoclonal mucosal 1gAs derived from highly exposed but 1gG-
seronegative individuals block HIV-1 epithelial transcytosis and neutralize CD4(+) cell infection:
an I1gA gene and functional analysis. Mucosal Immunol. 2009; 2:412-426. [PubMed: 19587640]
* An important study that identifies and isolates a potentially protective IgA antibody that was
naturally elicited.

83. Lai SK, HidaK, Shukair S, Wang Y'Y, Figueiredo A, Cone R, Hope TJ, Hanes J. Human

immunodeficiency virustype 1 is trapped by acidic but not by neutralized human cervicovaginal
mucus. J Virol. 2009; 83:11196-11200. [PubMed: 19692470] * A novel study that demonstrates
how HIV-1 can be inhibited by cervical mucus.

84. Hessell AJ, Poignard P, Hunter M, Hangartner L, Tehrani DM, Bleeker WK, Parren PW, Marx PA,

Burton DR. Effective, low-titer antibody protection against |ow-dose repeated mucosal SHIV
challenge in macaques. Nat Med. 2009; 15:951-954. [PubMed: 19525965] * An important and
relevant study for vaccine evaluation that provides information on the concentrations of antibody
needed for protection. ** of outstanding interest

85. Supachai, Rerks-Ngarm. Vaccination with ALVAC and AIDSVAX to Prevent HIV-1 Infection in

Thailand. New England Journal of Medicine. 2009; 361:2209-2220. [PubMed: 19843557] **The
first report of an HIV vaccine demonstrating protection from HIV-1 acquisition.

Curr Opin HIV AIDS. Author manuscript; available in PMC 2012 December 07.



DRI eWwRrRMS a1 rewRerMS

el eueremMg

Tomaras and Haynes

Table 1
Inhibitory Functions of anti-HIV Antibodies
Target Site of Antibody Block” Recent
References
(Human
Studies)
Virions Mucus Inhibition [38]
( Cell Free) . )
Virion Aggregation [39]
Complement mediated Virolysis  [40,41]
Virus Capture [42,43]
IgA Mediated Neutralization [44,45]
Traditional Virus Neutralization  [36,37,46,47]
Infected Cells Inhibition of Transcytosis [8,48,49]
(Cell Associated Virus) o L
Intragpithelial Neutralization [50]
Fcy-receptor (FcyR)- mediated:  [51]
ADCC [4,52]
ADCVI [53]
Macrophage Neutralization [37,54]
Trigger of Innate Immunity  Release of B-chemokines [10,11]

*
Note: Some of the assays may inherently measure multiple steps of antibody blocking.
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